Abstract. Brittle fracture of polycrystalline graphite under tension, in-plane shear and torsion loading is studied experimentally and theoretically using prismatic and axisymmetric specimens weakened by sharp and rounded-tip V-notches. The main purpose is twofold. First, to provide a new set of experimental data from notched samples made of isostatic polycrystalline graphite with different values of notch opening angles and root radii, which should be useful to engineers engaged with static strength analysis of graphite components. At the best of authors' knowledge, data from notch specimens are very scarce in the literature for this material. Second, to apply a fracture criterion based on the strain energy density (SED) averaged over a well-defined control volume surrounding the notch tip, extending what was made by the present authors for in-plane tensionshear loading conditions in notched specimens made of other materials. Good agreement is found between the experimental data related to the critical loads to failure and the theoretical assessments based on the constancy of the mean SED over the material-dependent control volume.
Introduction
Isostatic graphite is manufactured by using cold isostatic pressing technique and is often known for its homogeneous structure and excellent isotropic electrical, thermal and mechanical properties. It is sometimes purified in special-designed graphitization furnace to remove non-carbonaceous inclusions and impurities. Isostatic graphite is extensively used in various industrial applications such as: molds in continuous casting systems for making shaped steel, cast iron and copper; crucibles for melting precious metals or alloys; molds for making shaped glass; heating elements, heat shields, crucibles, etc. Some of the advantages of isostatic graphite are: high thermal and chemical resistance, isotropic and homogeneous properties, high resistance to thermal shock and proper electrical conductivity. However, isostatic polycrystalline graphites are prone to brittle fracture under mechanical or thermal loads, particularly in the presence of stress concentrators like cracks or notches. Although graphite components are not designed for load bearing purposes, they are sometimes subjected to tensile, compression, bending or torsion loads transferred from the adjacent components. Therefore, it is important to study the structural integrity of cracked and notched isostatic graphite components under different loading conditions. Several researchers have attempted to measure fracture toughness of polycrystalline graphite either under mode I or under mixed mode I/II loading conditions [1] [2] [3] [4] [5] . Recently, Mostafavi and Marrow [6] investigated crack nucleation in poly-granular graphite under uniaxial and biaxial loading conditions and suggested a fictitious crack model to predict the site and onset of crack nucleation in graphite components. Some theoretical models have been presented in the literature for estimating brittle fracture in graphite based mainly on its microstructural properties (e.g. [7] [8] [9] [10] ). For instance, an energy release rate criterion was employed by Lomakin et al [8] for analyzing the fracture initiation in cracked graphite specimens under pure mode I loading. A prominent model suggested by Burchell [10] relates brittle fracture of graphite to the crack nucleation and the subcritical crack growth from preexisting pores or defects under the influence of the local stress field due to those stress raisers. There are also some models for mixed mode I/II fracture in polycrystalline graphite. For example, Ayatollahi and Aliha [11] made use of a modified version of the maximum tensile stress (MTS) criterion [12] and demonstrated that significantly improved estimates for the onset of mixed mode fracture can be achieved for two grades of polycrystalline graphite containing sharp cracks.
The papers reviewed above all deal with the mechanical behaviour of graphite components in the presence of sharp cracks. Whereas cracks are viewed as unpleasant entities in most engineering materials, U-and V-notches of different acuities are sometimes deliberately introduced in design and manufacturing of products made from graphite. Graphite moulds, graphite heating elements and graphite chucks are only some examples for industrial components that contain U-or V-shaped notches. A review of literature shows that in spite of extensive studies on mode I and mixed fracture in cracked graphite specimens, there are very few papers focused on brittle fracture of notched graphite components [12, 13] . While a lot of work has been devoted to characterise fracture in cracked graphite components under in-plane (mixed mode I/II) loading conditions, in the current literature few information are available concerning brittle failure of graphite components weakened by notches and this is particularly true for mode III and compression loading.
The purpose of the present research is twofold: a. -To provide a large body of experimental data from static fracture of notched graphite specimens subjected to different types of loading with varying notch root radii, notch opening angles and notch depths. Such data should be helpful to engineers engaged in static strength analysis of graphite components. More than 210 new experimental results are summarised in the paper with reference to various notch configurations. b. -To provide a fracture model to estimate the critical loads to failure in notched graphite components subjected to different types of loading. Recent work by the present authors has revealed that the strain energy density averaged on a control volume was successful for brittle failure assessments of notched samples. A synthesis of the new results based on the SED approach is one of the main aims of the present paper.
Fracture Experiments
The fracture tests were conducted on a commercial isostatic polycrystalline graphite. The basic material properties of the tested graphite are listed in Table 1 : mean grain size is 2 µm, porosity 7%, bulk density of 1850 kg/m 3 , mean tensile strength of 28.5 MPa, Young's modulus of 8.05 GPa and shear modulus 3.350 GPa. The compressive strength is equal to 110 MPa, whereas the flexural strength is 49 MPa. The mean grain size was measured by using the SEM technique and the density was determined from the buoyancy method. All tests were performed under load control on a servocontrolled MTS bi-axial testing device (±100 kN/± 110 Nm, ± 75mm/± 55°). The load was measured by a MTS cell with ± 0.5 % error at full scale.
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Advances in Fracture and Damage Mechanics XII Geometry of the specimens As shown in Fig. 1 , different specimens were used: cylindrical specimens with U-and V-notches for torsion loading (Fig. 1a) , inclined key-holes (Fig. 1b) and U-notches (Fig. 1c) for tension and inplane mixed mode loading, making it possible to explore the influence of a large variety of notch shapes and loading conditions in the experiments. The notch tip radius varied from 0.1 to 4 mm while the notch opening angle ranged from 0 to 135°.
Synthesis by means of local SED
In order to estimate the fracture load in notched graphite components, engineers need an appropriate fracture criterion based on the mechanical behaviour of material around the notch tip. In this section, a strain-energy-density based criterion proposed by the same authors [14] [15] [16] [17] [18] [19] [20] , is used and allows us to assess the fracture loads for notched specimens with good accuracy. The fundamental parameter to be defined for the application of the approach is the material critical radius, which is a function of the critical notch stress intensity factor and the ultimate strength of the un-notched material. For the considered material, the critical radius is found to be equal to 1 mm under torsion loading and 0.17 mm under tension and in-plane mixed mode loading while the critical energy is almost constant and equal to 0.13 MJ/m 3 . For more details see also Refs [17, 18] . A final normalized scatterband containing all the experiment results is reported in Figure 2 , showing the sound applicability of the approach independent of the loading conditions. Key Engineering Materials Vols. 577-578
Fig. 2 Synthesis based on SED

Summary
A fracture model was proposed to estimate the critical loads to failure in notched graphite components subjected to different loadings. The criterion is based on the local energy averaged over a material dependent control volume and permits to summarise in the same normalised scatter-band results from very different geometries and loading conditions. 
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